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Multiphoton  Ionization  of  Group  VIB  Hexacarbonyl  van 
der  Metals  Clusters*  Trends  in  Intracluster 

Photochemistry 


William  R.  Heifer  and  James  P.  Garvey* 

Doparimont  of  Chemistry 
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Abstract 

V'.-.n  dr r  Was  Is  c lusts  rs  of  M\CO)e  (M'-Cr.  Me ,  W)  generated  in  the  f  r«v-  jet 
expansion  of  a  pulsed  be-in.  of  seeded  helium  are  subjected  to  uiultiphotor. 
ionisation  (MF‘l  )  and  the  product  ions  analyzed  by  quadruple  m  tsr 
spectrometry .  We  previously  reported  the  observation  of  efficient  production 
of  KoO-  and  Me  >2*  following  Mr’i  of  MoCCO)e  van  der  Was  Is  clusters,  and 
proposer  that  these  ions  arise  through  novel  reactions  between  a  neutral 
phoioproduced  metal  atom  and  the  ligands  of  an  adjacent  metal  carbonyl 
"solvent1  molecule  within  the  cluster.  In  order  to  test  some  of  the 
predictions  of  this  model,  we  have  now  examined  the  MFI  of  van  der  Waalc 
clusters  of  the  other  Group  VIB  hexacarbonyls .  We  find  the  same  novel 
behavior  (viz.,  efficient  production  of  metal  oxide  ions)  in  the  V>iC0)e  system 


as  that  previously  observed  for  Mo(CO)e.  However,  we  find  no  evidence  of  such 
behavior  in  the  Cr(CO)e  system.  Based  on  these  observations,  we  suggest,  that 
the  reactivity  of  first-row  transition  metal  atoms  may  be  fundamentally 
different  from  that  of  second-  or  third-row  metals.  These  differences  are 


discussed  in  terms  of  the  occupancy  and  relative  size  of  the  metal  d  orbitals. 
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Introduction 

Transition  metal  carbonyl  complexes  have  been  the  subject  of  intense  re 
search  by  both  theorists1  and  experimentalists.2-3  The  variety  exhibited  in 
the  types  of  bonding  between  metals  and  carbonyl  ligands  challenges  our  chen.i 
cal  intuition.4  Many  coord ina t i ve ly  unsaturated  metal,  carbon. yl  species  are 
thought  to  play  important  roles  in  catalytic  cycles. ^  Such  u;  .at  tun  at  •=. 
species  can  be  efficiently  generated  in  the  gas  phase  via  pulsed  iase:  pncco- 
lysis  of  the  corresponding  saturated  species;  in  fact,  these  uni molecular 
photoii agmenfat ion  reactions  provide  a  convenient  means  for  testing  arid  fir¬ 
ing  statistical  reaction  rate  theories. K 

Time-resoivec  infrared  spectroscopy  i'TF.IS)  has:  been  used  to  study  the 
dynamics  of  exeimer  laser  photolysis:  of  transition  metal  carbonyls,  t.iie  de¬ 
tails  of  energy  partitioning  along  the  reaction  coordinate,  and  the  recombine 
tion  kinetics  of  primary  photoproducts  with  various  ligands.7-8  The  temporal 
dependence  of  certain  features  in  the  infrared  spectra  suggest  that  coord ina - 
tively  unsaturated  metal  carbonyl  species  undergo  clustering  reactions  with; 
their  saturated  precursors  at  approximately  gas  kinetic-  rates. 8-10  For  exam¬ 
ple,  the  clustering  reaction 

CrCCOle  +  Cr(C0>4  Cr2(C0)io  (1) 

proceeds  in  the  gas  phase  with  a  rate  constant  of  1.6  x  ID7  Torr- 1  see-1  at 
SC.j  K.e  Group  theoretical  analysis16*  of  IF  spectroscopic  data  (i.e.  ,  the  num 
ber  and  relative  intensities  of  observed  absorption  bands)  is  especially  use 
ful  in  assigning  structures  to  the  mononuclear  carbonyl  fragments.  However, 
the  products  of  clustering  reactions  such  as  the  one  above  are  less  amenable 
to  such  an  analysis  because  of  the  lower  symmetry  of  these  binuclear  species 
and  overlap  with  the  spectral  features  of  other  species.  It  is  necessary  to 
study  these  metal  carbonyl  clustering  reactions  by  some  complementary  tech- 


nique  if  one  hopes  to  derive  detailed  information  on  structure  arid  bonding. 

One  technique  which  holds  promise  as  a  structural  probe  of  these  clustering 
reactions  is  multiphoton  ionization  mass  speetrosoopy  (MPI/MS).  The  multiph-- 
ton  dissociation  and  ionization  dynamics  of  mononuclear20-22  and  eovalen* ly 
bound  mult inuclear23-2K  transition  metal  carbonyls  is  well  understood :  initial 
multiphoton  dissoc  iation  <  MPL'O  of  the  metal  carbonyl  results  in  cor.rlet>  lin 
and  stripping,  leaving  behind  a  naked  metal  atom  which  is  subsequently  i.r, 
iced.  Consequent ly .  the  HPJ  mass  spectrum  is  dominated  almost  *>:•. Iu.-;i,'e'!y  by 
the  metal  ion  signal.  On  the  other  hand,  the  multi photon  photophysios  of  van 
der  Wauls  complexes  of  transition  netal  carbonyls  is  not  so  thoroughly  char- 
aeterized .  Such  van  der  Waals  complexes  are  inherently  interesting,  sine-, 
nuitiphoton  processes  within  these  complexes  may  lead  to  the  production  of  eo- 
ordir’.atively  unsaturated  transient  species  clustered  within  a  shell  of  satu¬ 
rated  "solvent''  molecules.  These  photoproduced  complexes  could  serve  as  model 
systems  in  the  study  of  phenomena  sued,  as  heterogeneous  catalysis  or 


chemisorption  on  metal  surfaces.  Clustering  reactions  (such  as  those  inferred 
from  TRIS  experiments)  within  these  complexes  should  be  easily  stimulated,  and 
would  perhaps  give  rise  to  anomalous  fragment  ion  yields  in  the  mass  spectrum.. 
Indeed,  novel  intracluster  chemistry  has  beer,  observed  to  accompany  the  multi- 
photon  dissociation  cf  mixed  van  der  Waals  complexes  composed  of  Fe( CO )s  and 
small  oxygen -containing  molecules.27 

In  order  to  explore  the  interplay  between  unimolecular  photodissociation 
processes  and  bimoleeular  reactivity  in  metal  carbonyls,  we  have  examined  the 
MPI/MS  of  van  der  Waals  complexes  of  Group  VI  hexacarbonyls.  We  recently  re¬ 
ported  the  observation  of  novel  behavior  in  the  multiphoton  dissociation  and 
ionization  of  Mo(CO)e  van  der  Waals  complexes.26  Efficient  production  of  MoO* 
and  M0Q2*  ions  following  nuitiphoton  excitation  of  the  metal  carbonyl  van  der 
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Waals  complexes  led  us  to  propose  the  intermediacy  of  a  structure  (or  struc¬ 
tures)  containing  doubly-bridging  carbonyls  acting  as  four-electron  ligands, 
as  illustrated  in  Figure  1.  where  M*  is  a  nascent  metal  atom  which  interacts 
strongly  via  d-ft*  back-bonding  with  the  oxygen  ends  of  adjacent  carbonyl  lig¬ 
ands  within  the  neutral  van  der  Waals  complex.  One  of  the  predictions  of  this- 
model  is  that  for  smaller  metal  atoms,  the  metal  d  orbitals  will  be  more  con¬ 
tracted  and  the  bridging  carbonyls  will  thus  be  forced  into  closei  proximity. 
Crowding  of  the  bonding  Tty  orbitals  of  the  bridging  carbonyl  ligands  (within 
the  CO-M*-OC  plane)  will  tend  to  be  destabilising,  and  if  this  repulsive  in¬ 
teraction  is  not  overcome  by  the  strength  of  the  M*-0  bonds,  this  type  of 
doubly-br idged  structure  will  not  form.  Consequently,  yields  for  MO*  and  MO a* 
should  be  diminishingiy  small,  if  not  totally  absent,  when  M  is  a.  metal  whose 
d  shell  is  Gf  small  diameter.  In  order  to  test  this  structural  model,  we  have 
examined  the  MFI/MS  of  van  der  Waais  complexes  of  metal  carbonyls  other  than 
that  of  molybdenum.  We  describe  herein  our  results  for  Cr(C0>6  and  W(CO)e 
complexes,  and  discuss  implications  for  intracluster  reactivity  and  bonding. 

Experimental  Section 

The  metal  carbonyls,  Cr(CO)B,  Mo(CO)e,  said  W(CO)e,  were  obtained  from 
Aldrich  in  purities  of  99%,  98%,  and  99%,  respectively.  Prior  to  use,  each 
compound  was  further  purified  by  several  freeze-pump- thaw  cycles  at  77  K.  Cur 
cluster  beam  photoionization  mass  spectrometer  is  shown  in  Figure  2  and  has 
been  described  elsewhere  in  detail.28  Briefly,  helium  seeded  with  a  metal 
carbonyl  compound  at  its  room  temperature  vapor  pressure  (typically  a  few  hun¬ 
dred  mTorr)  is  admitted  into  the  low-volume  stagnation  region  of  a  Newport  BV- 
100  pulsed  molecular  beam  valve  fitted  with  an  end  plate  having  a  0.5  ram  dia¬ 
meter,  30°  conical  aperture.  The  stagnation  pressure  of  the  seeded  helium  is 


1.3  atm.  Metal  carbonyl  van  der  Waals  complexes  are  formed  in  the  free-.iet 
expansion  of  the  pulsed  beam  of  seeded  helium.  The  background  pressure  insid 
the  vacuum  chamber  with  the  pulsed  beam  valve  off  can  be  maintained  at  less 
than  10-7  Torr,  and  operation  of  the  valve  at  1  Hz  leads  to  maximum  chamber 
pressures  of  about  3  x  10~6  Torr.  Tne  cluster  beam  pulse  is  directed  axially 
into  the  ion  source  of  a  Dvcor  M200M  quadrupole  mass  spectrometer,  where  i4  i 
intersected  by  the  focused  output  from  a  Lambda  Physik  EMG  150  exc-imer  lase;  , 
operated  or.  the  Err*  transition  at  a  pulse  energy  of  ca.  103  mJ  .  Synchros  is  a 
r.ion  of  the  laser  and  the  molecular  beam  valve  is  accomplished  through  the  us 
of  ar.  external  timing  circuit  with  an  adjustable  delay.  The  timing  circuit  i 
set  to  fire  th-  20  nsec  laser  pulse  on  the  leading  edge  of  the  ca.  150  usee 
duration  molecular  beam  pulse.  Ions  produced  in  the  ion  source  are  selected 
by  the  quadrupole  mass  filter  and  detected  by  a  low  gain  (ca.  1Q0GX)  electron 
multiplier-.  Output,  from  the  multiplier  is  converted  to  a  voltage,  amplified 
by  a  fast  103X  amplifier,  and  averaged  with  background  subtraction  by  a  boxca 
averager  (EG&G  Princeton  Applied  Research,  Model  4420).  Typically,  the  mass 
filter  is  scanned  at  a  rate  of  0.04  amu/sec  over  a  100-amu  range  so  that  spec 
tra  may  be  collected  and  averaged  for  2500  laser  shots. 

Electron  impact  (El)  mass  spectra  of  the  van  der  Waals  complexes  car. 
also  be  collected  by  leaving  the  excimer  laser  off  and  energizing  a  thcriated 
iridium  filament  within  the  ion  source.  Typically,  we  operated  this  source  a 
an  electron  energy  of  70  eV  and  an  emission  current  of  1  mA.  In  addition, 
mass  spectra  of  the  unclustered  metal  carbonyls  (i.e.,  "monomers1')  may  be  col 
lected  by  admitting  the  neat  sample  vapor  directly  through  an  effusive  inlet. 
In  order  to  properly  interpret  data  from  cluster  beam  ionization  experiments, 
one  must  verify  that  the  observed  ion  signals  result  from  ionization  of  neu¬ 
tral  species  within  the  molecular  beam,  rather  than  ionization  of  residual 


molecules  within  the  vacuum  chamber.  Since  we  are  able  to  adjust  the  delay- 
time  between  the  triggering  of  the  pulsed  beam  valve  and  the  firing  of  the 
laser,  we  can  determine  the  temporal  behavior  of  the  ion  signal  and  thereby 
ensure  that  the  ions  we  are  creating  actually  arise  from  neutrals  in  the 
molecular  beam. 

Results  and  Discussion 

Relevant  portions  of  the  MF1  mass  spectra  of  the  van  der  Was  Is  complex*:  c 
of  Mo(C0)e.  W(CO)e.  and  Cr(00)e  are  shown  in  Figures  3,  4,  and  S,  re.:pe.  - 
tively .  The  MET  mass  spectra  of  the  corresponding  uncTustered  metal  c-arbonyls 
are  show:]  alongside  for  comparison.  We  have  previously  discussed  our  results 
for  the  Mo(CO)e  system.20  We  observed  the  efficient  production  of  MoO*  and 
Exp-"  ions  following  multiphoton  ionization  of  van  der  Waals  complexes  of  th*= 
hexacarbonyl .  We  noted  that  such  ions  are  not  observed  in  the  MET  mass  spec¬ 
trum  of  the  unclustered,  monomeric  hexacarbonyi ,20  nor  are  they  observed  in 
electron  impact.  (El )  mass  spectra  of  either  monomers  cr  clusters.  From  the 
temporal  behavior  of  these  oxo-  and  dioxomolybdenum  ions,  we  reasoned  that 
these  ions  were  originating  from  novel  intracluster  photochemical  reactions, 
reactions  which  most  likely  take  place  between  two  neutral  participants  within 
the  van  der  Waals  complex.  Based  upon  orbital  symmetry  arguments  and  analo¬ 
gies  from  surface  science26  and  synthetic  organometallic  chemistry , 30 > 31  we 
proposed  the  intermediacy  of  a  structure  such  as  1  (vide  supra)  tc-  account  f 
the  observed  photochemistry.  Similar  types  of  structures  have  beer,  proposed 
to  account  for  observed  trends  in  ion-molecule  reactivity  among  coord ins t ively 
unsaturated  transition  metal  carbonyls.32 

As  discussed  above,  one  of  the  implications  of  our  structural  model  is 
that  bridging  by  two  carbonyl  ligands  will  be  stable  only  if  the  dxy  orbital 


on  M*  is  sufficiently  large  to  prevent  crowding  of  the  occupied  ny  orbitals  cf 
the  bridging  carbonyls.  We  would  expect,  based  on  our  results  with  Mo,  ths* 
an  atoir.  such  as  W  might  be  able  to  interact  with  the  oxygen  ends  of  the  tv 
bridging  carbonyls  via  back-donation  from  its  valence  5dxy  orbital.  We  there¬ 
fore  expect  van  der  Waaic  complexes  of  W(CO>e  to  exhibit  the  same  type  of 
novel  photochemical  behavior  following  multiphoton  excitation  as  that  observe’.' 
previously  in  the  Mo(CO  ,-e  system.  in  fact,  we  do  observe  efficient  prcdu.ti::. 
of  WO* ,  as  shewn  in  Figure  4.  We  emphasise  that  WO*  is  only  observed  i:i  the 
MF I  mass  spectrum  of  K'Cu)r  van  der  Waals  complexes.  It  is  not  observe!  ir. 
the  Mir'I  mass  spectrum  of  the  unclustered  hexac&rfconyl .  nor  is  it  observed  in 
any  of  the  El  mass  spectra.  We  believe  that  product ior;  of  WO*  is  occurring 
through  the  same  type  of  novel  intrac-luster  photochemical  mechanism  as  that 
previously  proposed  tor  the  Mc(Cu;b  system;  that  is,  reaction  between  a  photo - 
produced  W  atom  and  the  oxygen  ends  of  carbonyl  ligands  or,  an  adjacent  W(00)n 
"solver.*  molecule  within  the  van  der  Waais  complex.  Our  mass  spectrometer  is 
only  able  to  pass  ions  oi  m ,'z  <  210,  and  we  are  therefore  unable  to  dete-t. 

Wf'2*  product  ions  Cm/s  214,  2 if .  216,  aid  2161 . 

W,-  now  consider  the  remaining  men. her  of  the  homologous  series,  Cr-:CC;r. . 
Figure  5  shvs  a  portion  of  the  MPI  mass  spectrum  of  Cr(CO)e  van  der  Waals 
complexes.  One  immediately  notices  that  the  photophysical  behavior  of  the 
Cr(C0)6  system  differs  from  that  of  the  other  Group  VIB  hexacarbonyls .  No 
metal  oxide  ions  are  observed  in  the  mass  spectrum;  instead,  van  der  Waals 
complexes  appear  to  behave  just  like  the  unclustered  monomer,  yielding  a  mass 
spectrum  dominated  by  the  metal  ion  signal.  Operation  of  the  pulsed  molecular 
beam  valve  at  ca.  three-fold  higher  intensity  (maximum  chamber  pressure  of 
about  lO-5  Torr)  results  in  the  production  of  a  series  of  ions,  CrOHx* 


(x=0,l,2),  which  presumably  form  upon  MPD/MPI  of  heteroclusters  of  Cr(CO)e  and 


H2O  (present  as  an  impurity  in  the  helium  gas  cylinder).  Thes-.  ions  are  a  is.-' 
seen  in  the  high-pressure  El  spectrum.  However,  MET  spectra  recorded  under 
conditions  cf  lower  pulsed  molecular  beam  intensity  show  no  ion  signals  corre¬ 
sponding  to  CrO"*  or  CrOp*-  .  One  migh*  si.spef t  that  we  are  simply  not  erecting 
Cr(CO)e  van  i<.  r  Wauls  com.  lexeu  in  our  seeded  expansion  wh-u.  the  pulsed  val\> 
is  operat  ed  at  lower  in*  -m-  ity .  However ,  we  f<-el  confident  *  or  th-.-  i'cllcwinr 
r---.?:>ns  that  cluster  formation  :s  indeed  taking  First,  w-  knew  tin-1 

■>"rvCc  >b  vapors  are  mixing  into  the  hei ium  buffer  gas  and  diffusing  toward  t.'. - 
:i-'c:_ifc  .  because  we  observe  crystalline  deposits  of  Cr(CC  )e  inside  the  stagne- 
t  i>.n  Voiun-  of  the  puls*-*.!  valve  after  several  hour?  ox  op*,  r.-itien.  i'-cc:  1.  ve 
have  demonstrated  (in  other,  unrelated  cluster  El /Mb  experiments  in  our  lat 
that  the  n.s.tl-  geometry  we  employ  allows  for  facile  generation  of  a  large 
distribution  of  cluster  siz-.  from  seeded  rare  gas  expansions.  Third,  we  h;.v 
previously  shew:,  that  clustering  must  be  taking  place  in  the  expansion  of 
MolCl  its  Seeir  i  in  helium,  based  on  the  temporal  behavior  of  the  metal  oxide 
photo  ions .  Since  the  vapor  pressures  of  Mo(  70  )e  and  Cr(CO)ts  are  oomparalie. 
and  since  the  conditions  of  stagnation  pressure  arid  pulsed  beam  intensity  and 
duration  for  the  Cr(OC)e  expansion  are  identical  to  those  used  previously  1  or 
the  Mo  (CO  .>e  expansion,  we  would  likewise  expect  clustering  to  take  place  ir.  a 
seeded  Cr(CU)e  expansion.  Finally,  since  we  are  apparently  able  to  gereiztc- 
heteroclusters  of  HzO  and  Cr(C0)6,  even  though  the  number  density  of  Huh 
molecules  in  the  seeded  gas  is  estimated  to  be  an  order  of  magnitude  less  than 
that  of  the  metal  carbonyl,  we  should  have  nc  difficulty  generating  clusters 
of  Cr(CQ)e. 

Why  is  it  that  Cr(00>6  van  der  Waals  complexes  should  display  photophys- 
ieal  behavior  unique  among  Group  VIB  hexacarbonyls?  One  possibility  is  that 
intracluster  bimolecular  reactions  simply  are  not  taking  place  within  the 


p 


Cr<  Cj  )e  van  der  Waals  complexes’ ,  although  this  is  inconsistent  wit n  ti«e  r--- 
suits  of  kinetic-  studies  which  infer  tnat  gas-pjhase  clustering  reactions  be¬ 
tween  CrtCj  h-  and  its  coord inat ive  ly  unsat urated  photoproducts  take  pia-’-e  at 
gas-kin-tic  rates. u  --  7w-  m-.re  iike:v  possibilities  merit  considered ten : 

orie,  thu*  clustering  reactions  between  the  nascent  Cr  Eton:  and  add  a. ent 
Cr'CO  Us  "s-bveit  '  Fic  iei -nl-.-s  oc  -ur  via  the  fsti-  symme*  r:  :-aiiy  trio.'--:  in *:•  -rn~ - 
di’  te  F-ropoce-:  fi  :  tre  M ;•( Cu .»*«  and  W t 0-  *  >c  system-5* .  be t  inve  I\*t  mu  w-.- r 
an:,  c.ns-  p:err.  iy ,  more  r  i  -  ‘  ■  ’labile-  M*  -  :  inters-:  ti'Cis::  or  a  ive  :y  . 

L 1 1 . s  r-"-a: •  inns  ir:  the  fr(w)u  syst-m  are  mediated  through  a  difiereni 
oruiing  peri.s: one  involving  un symmetrical  bri-uginr  h:  signifi- 

•-•ant  metal- net  --.I  bending  interactions.  We  discuss  these  twe  siternativei.  be- 


Let  us  first  examine  the  possibility  that  the  nascent  Cr  atom  re  a  * 
with  an  adjacent  hexa  ear  bony,  molecule  within  the  van  der  Waals  eon;  iex  t : 


:rr,  a  sr  ructure  ana  log.  us  tc 


one  pr-p.ised  earlier  for  trie  Mo(C0  'a  and 


W.’-X’/O  systems.  As.  an  arproxinar  i  c, .  we  w’  11  impose  the  constraint  that  the 
twe  symmetrically  bridging  carbonyls  ;whvse  interatomic  axes  we  shall  take  to 
he  rough y  parallel  ;  are  separated  by  the  van  der  Waals  "thickness"  of  a  r;y 
c-rbitiA .  approximately  3.4  A.3-*  For  a  plai3i  structure  with  C-O-M*  bond  sn- 
gles  of  120r  ,  each  of  the  two  M*-0  bonds  would  have  a  length  of  about  2  A.  if 


the  separation  of  the  bridging  carbonyls  is  maintained  arid  the  Q-M*-0  bond  an¬ 


gle  is  decreased  from  120"  to  1UG“  (a.  value  typical  of  some  metal  acetylaceto 

0 

nates3-4 ) ,  the  M~-0  bond  length  increases  to  about  2.2  A.  For  which  (if  any) 
of  the  Group  VIB  metals  is  this  range  of  M*-0  bond  lengths  reasonable?  Esti- 

o 

mated  K*-0  bond  lengths  based  on  atomic  nonpolar  covalent  radii35  are  1.91  A 
(M*=Cr),  2.03  A  (M*=Mo),  and  2.03  A  (M’-W).  Experimental  bond  lengths  for  a 
variety  of  dioxygen -metal  comr>lexes  have  been  tabulated:36  typical  metal- 
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oxygen  bond  lengths  for  complexes  of  Cr  range  from  1.81  to  1.92  A;  and  fcr 

O 

those  of  Mo,  from  1.91  to  2.24  A.37  Based  on  our  estimated  metal-oxygen  herd 
lengths  and  available  experimental  data,  we  believe  that,  ground-state  atoms  cf 
Mo  or  W  might  reasonably  be  expected  to  undergo  clustering  reactions  with  the 
corresponding  metal  hexacarbonyls  to  form  structures  such  as  1,  while  g:  ou.nd- 
state  Cr  atoms  would  be  more  likely  to  form  some  alternative  structure  as  a 
result  of  clustering  reactions  with  Cr(C0>6. 

One  such  alternative  might  be  a  structure  in  which  the  Cr  atom  ii.teraitr 
via  unsymmetr ical  bridging  with  one  (or  more)  of  the  CO  ligands  of  the  neigh¬ 
boring  hexaoarbcnyl ,  as  suggested  in  Figure  6.  In  this  bonding  sc  hen-. ,  thv  CO 
ligand  is  terminally  bound  to  one  metal  center,  but  side  bound  t  :>  the  other. 
This  type  of  bonding  has  been  invoked  to  explain  the  relatively  lew  gas -phase 
reactivity  of  Mr.n'CUJa  toward  recombination  with  CO. 36  We  cannot  discount  try 
possibility  that  the  two  Cr  atoms  might  be  bridged  exclusively  through  the- 
eaibor.  end  of  a  bridging  carbonyl,  in  a  monohapto-  fashion,  although  such 
bending  w. uld  involve  a  fairly  substantial  geometric  rearrangement,  of  the 
C r ( CO ) e  r eac tan t. . 


It  is  interesting  to  speculate  on  how  the  bimolecular  reactivity  of  Cr 
would  change  in  the  present  case  if  it  were  to  possess  occupied  4d  orbitals 
which  could  participate  in  bonding  interactions  with  the  ligands  of  an  adja¬ 
cent  Cr(CO)e  molecule.  This  would  require  that  the  nascent  Cr  photoproduct  be 
produced  in  an  excited  state.  The  lowest  excited  state  with  non-zero  occupa¬ 
tion  of  the  4d  orbitals  is  the  e  7D  state;  its  J-l  component  is  42283.42  cm*3 
(ca.  5.24  eV)  above  the  Cr  a  7S  ground  state.39  1 t  is  known  from  emission 
studies  that  MPD  of  Cr(CO)e  at  248  run  produces  atomic  Cr  in  a  statistical  dis¬ 
tribution  of  states;40  thus,  one  would  expect  the  ground  state  of  Cr  to  be  the 
predominant  species  produced  in  our  experiment.  While  the  excited  e  7D  state 
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is  not.  one-photon  accessible  from  the  a  7S  ground  state,  it  certain.y  is  ac¬ 
cessible  via  a  two-photon  transition;  one  would  therefore  expect  production  of 
a  significant  population  of  e  7D  Cr  atoms  upon  MPD  of  Cr(C0>B  using  focused 
laser  pulses  at  about  473.3  ran.  These  excited  Cr  atoms,  by  virtue  of  their  4d 
orbital  electron  density,  might  display  the  same  kind  of  bonding  interactions 
with  metal  carbonyls  as  we  have  inferred  above  for  ground-state  Mo  and  V- 
atoms . 

Conclusions 

Wt-  have  examined  the  248  ran  multiphoton  dissociation  and  ionisation  dy¬ 
namics  of  van  der  Waals  clusters  of  the  Group  VIB  hexacarbonyls .  Hass  spec¬ 
tral  evidence  indicates  that  W  atoms  undergo  the  same  novel  photoinduced  bi- 
molecular  intracluster  reactions  previously  inferred  for  Mo,  while  Cr  atoms  do 
not.  We  suggest  that  this  trend  in  reactivity  is  due  primarily  to  changes  In 
the  spatial  extent  of  the  valence  d  orbitals.  Furthermore,  such  an  interpre¬ 
tation  may  imply  enhanced  reactivity  of  higher  excited  states  of  third-row 
transition  metals  produced  within  the  cluster  environment.  We  are  currently 
extending  our  studies  to  other  third-row  transition  metal  carbonyls  in  order 
to  refine  our  understanding  of  the  photochemistry  of  van  der  Waals  clusters. 
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Figure  1.  Proposed  structure  for  the  product  of  s 
clustering  reaction  between  a  photoproduced  metaJ  atom,  M* , 
and  a  neighboring  metal  carbonyl  "solvent”  molecule  within 
van  der  Waals  cluster  (see  reference  28).  The  value  of  x 
may  range  from  0  to  4.  Back-donation  from  tiie  occupied 
metal  dxy  orbitals  to  the  carbonyl  ity*  anti-bonding  orbital 


is  i i lustrated  . 


Figure.  2.  Cluster  beam  photoionisation/mass  spectrometry 
experiment,  shown  schematically. 


Figure  3.  (A)  MPI  mass  spec-trum  of  Mc>(CO)e:  van  der  Waal? 

clusters,  80-100  a mu .  Signal  due  to  ions  of  m/z  i  101  a mu 
is  amplified  by  a  factor  of  10.  (B)  MPI  mass  spectrum  of 

the  unclustered  Mo(C0)e,  80-180  amu ,  shown  for  comparison. 

As  above,  ion  signal  is  amplified  by  a  factor  of  10  for  ions 
of  m/z  ?  101.  Note  the  absence  of  oxo-  and  dicxomolybdenum 
ions  in  the  mass  spectrum  of  the  unclustered  Mo(C0)e. 


Ion  Intensity  (arb.  units) 


Figure  4.  (A)  Mr  1  mass  spectrum  of  W(,CO)b  van  dtr  Was. is 

clusters,  1VC-21U  air.u .  Signal  due  to  ions  of  m/'z  2  190  amu 
is  amplified  by  a  factor  of  25.  WO*  ions  are  clearly 
visibie,  although  limitations  of  our  quadrupole  mass  filter 
prevent  us  from  detecting  any  WOg*  ions  which  might  be 
produced.  See  discussion  in  text.  (B)  MFI  mass  spectrum  of 
the  unclustered  MolCGle,  shown  for  comparison.  As  above, 
ion  signal  is  amplified  by  a  factor  of  25  for  ions  of  m/s  > 
120.  Note  the  absence  of  WO*  ions  in  the  mass  spectrum  of 
the  unclustered  W(C0)e. 


Ion  Intensity  (arb.  units) 


a)  clusters 
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Figure  5.  (A)  MPI  mass  spectrum  of  Cr(C0)e  van  dc-r  Was  Is 

clusters,  50-150  amu .  Signal  due  tc  ions  of  m/z  2  t"j  amu  i 
amplified  by  a  factor  of  2.5.  (B)  MFI  mass  spectrum  of  the 

unclustered  Cr(CO)e,  50-150  amu,  shown  for  comparison.  As 
above,  ion  signal  is  amplified  by  a  factor  uf  2.5  for  ions 
of  m/z  2  60.  Note  the  exclusive  domination  of  both  spectra 
ty  the  metal  ion  signal,  and  the  complete  absence  of  metal 
oxide  ions  in  the  mass  spectrum  of  the  clusters. 


Ion  Intensity  (arb.  units) 


Figure. 6.  One  possible  structure  for  the  product  of  s 
clustering  reaction  between  a  ground-state  Cr  atom  and  a 
neighboring  Cr(CC)6  molecule  following  multiphoten 
excitation  of  a  Cr(CO)e  van  der  Waals  cluster.  Clustering 
between  the  nascent  atom  and  a  coord inat i ve ly  unsaturated 
chromium  carbonyl  would  presumably  result  in  a  structure 
with  some  degree  of  metal-metal  bond  character. 


